We show that coating ZnO nanowires (NWs) with a transition metal, such as Ni, can increase efficiency of light emission at room temperature. Based on detailed structural and optical studies, this enhancement is attributed to energy transfer between near-band-edge emission in ZnO and surface plasmons in the Ni film which leads to an increased rate of the spontaneous emission. It is also shown that the Ni coating leads to an enhanced non-radiative recombination via surface states, which becomes increasingly important at low measurement temperatures and in annealed ZnO/Ni NWs.
Introduction i
Present address: Center for Nanoscience and Engineering, Indian Institute of Science, Bangalore-12, India ZnO nanowires (NWs) have in recent years attracted considerable research interest as a promising material system for novel functional devices. Due to large lateral surfaces, which facilitate efficient strain relaxation, ZnO NWs and other nanostructures can be grown with a low defect density [1] on a vast variety of substrates. The high material quality combined with a wide and direct band gap, large exciton binding energy, and ability to control their nucleation sites, makes NWs attractive for applications in optoelectronic devices such as ultraviolet lasers [2] , light emitting diodes [3] as well as for white lighting. Moreover, when alloyed with transition metals (TMs) such as Ni, Cr, Mn, etc, ZnO is predicted and demonstrated to exhibit ferromagnetic properties at and above room temperature [4, 5] . This makes it a promising candidate for future devices with spin-enable functionality, e.g. spin-polarized light sources. However, doping with TM often degrades intensity of near-band-edge (NBE) emissions in ZnO [6, 7] , and hence hinders this material from photonic applications.
A possible approach to circumvent this degradation is coating ZnO NWs with TM particles with the purpose to enhance their radiative efficiency by utilizing the interaction of excitons in ZnO and surface plasmons (SP) arising from collective electron excitation in TM. Such SP-mediated emission has recently been demonstrated in ZnO nanostructures coated by various metals (Ag, Au, Ti, Al and Pt) and dramatic enhancement of the NBE emission was observed [8] [9] [10] [11] [12] . It should also be possible to realize the SP-exciton coupling in TM capped ZnO NWs as TMs support SP modes at their surfaces.
Despite that the proof of this concept may lead to promising applications of ZnO/TM systems in spin based optical devices, no work on this issue has so far been reported in the literature. The purpose of this work is to understand effects of TM coating and to explore the SP-exciton coupling in ZnO/Ni core/shell NWs, by means of optical spectroscopy supported by structural analysis. Ni was chosen here as TM because its fundamental SP mode closely matches in energy with the NBE emission in ZnO.
Experimental
The studied ZnO NWs were grown on Au coated sapphire substrates using rapid thermal chemical vapor deposition (RTCVD) at 950 o C. The growth was performed at pressure of 20 Torr under the Ar and O 2 flow. ZnO NWs were then capped by a 10 nm-thick Ni film deposited at room temperature (RT) using e-beam evaporation. After the coating, some of the ZnO/Ni core/shell NWs were annealed in the RTCVD chamber at 400 o C for 5 minutes. Structural and chemical properties of the samples were evaluated by scanning electron microscopy (SEM), X-ray diffraction (XRD), transmission electron microscopy (TEM), and selected area electron diffraction (SAED). Time resolved PL measurements (TR PL) were performed at 4 and 300 K. PL was excited by third-harmonic pulses of a mode-locked Ti:sapphire laser, with an excitation wavelength of 285 nm and a repetition rate of 80 MHz. The PL from the samples was then recorded by a streak camera system with an overall time resolution of about 20 ps. To account for reflection and absorption of the excitation light in the 10 nm-thick Ni shell layer, intensities of the PL emission measured from the ZnO/Ni structures were calibrated to the same effective excitation power as that used for the bare ZnO NWs. A calibration factor of 4 was applied, which is deduced based on tabulated reflection and absorption coefficients of Ni [13] . Resonant Raman scattering measurements were done using a micro-Raman system with a He-Cd excitation laser (325 nm). The spectra were acquired at RT in the back-scattering geometry. directions. However, after annealing at 400 o C, the polycrystalline Ni nanocrystals start to merge together and form a more uniform Ni nano-film, as is shown in figure 3 (e). From the SAED image (figure 3(f)) we can also observe that the polycrystalline Ni phase converts to the single-crystalline phase after annealing.
Effects of Ni coating on optical properties of ZnO nanowires
Let us now evaluate optical properties of the ZnO/Ni core/shell NWs. Let us first discuss the origin of the PL enhancement observed at RT in the as-grown ZnO/Ni
NWs. The first possible reason for this effect could be surface passivation. It has been reported [15] that capping of ZnO surfaces with dielectric or metal films may cause a reduction of density of surface recombination centers that lead to an increase of the NBE emission. Alternatively, it may be related to coupling between the spontaneous emission of the NBE excitons in ZnO and SPs of the Ni metal. This SP-exciton interaction at the metal/ZnO interface may occur when the SP energy is comparable with the ZnO band gap energy. To evaluate feasibility of the SP formation at the Ni/ZnO interface, we have calculated the SP dispersions for Ni/ZnO and Ni/air interfaces using the known relation [16, 17] 
Here k SP is the SP wave vector,  the incident energy, c the speed of light, and ε Ni and ε d are the dielectric functions of Ni and dielectric medium (i.e. air or ZnO), respectively [13, 18] . The calculated dispersions are shown in the inset in figure 5(a) . Since the energies of the NBE emission in ZnO lie between the SP energies for the Ni/ZnO and Ni/air interfaces, the resonant coupling of emitting light with surface plasmon is highly probable for suitable sizes of Ni nanoparticles [19] . The SPs could couple to photons again by scattering and light is then extracted into free space due to the roughness and imperfections of the Ni surfaces, leading to an enhancement of the detected light emission.
In order to determine which mechanism dominates in the investigated structures, we have analyzed transient properties of the monitored emissions. Representative PL decays measured at RT from the bare ZnO and Ni-coated ZnO/Ni NWs are summarized in figure 6(a) . In the bare ZnO NWs, the PL decay is found to be biexponential and contain fast and slow components with their respective time constants of τ f =0.45 ns and τ s =3 ns. The fast component is commonly attributed [20, 21] This clearly shows that surface passivation due to Ni coating is not responsible for the enhanced PL efficiency. Indeed, suppression of efficient non-radiative recombination via the surface states should lead to longer decay times of the NBE emission which is contrary to the experimental data shown in figure 6(a) . We, therefore, attribute the observed PL enhancement to the SP-exciton coupling in the Ni capped ZnO/Ni NWs. Within this scenario, excitons recombine and transfer energy into the SP modes instead of free space. The interaction between the SPs and the excitons greatly enhances rates of the spontaneous emission in the ZnO NWs, which leads to the observed increase of the emission intensity accompanied by the shortening of the exciton lifetime (or emission decay time).
We should note that an alternative explanation to the enhanced emission as a result of enhanced absorption of the excitation light due to the field enhancement can be ruled out here. This is because in our case the excitation light field is hard to couple to the SP modes of Ni due to the energy mismatch. The calculated SP dispersion of the Ni film shows that the SP energy is below 4 eV (see the inset of figure 5(a) ), which is well below the excitation photon energy of 4.35 eV. Although the non-resonant coupling is also possible, the coupling strength should be much weaker and negligible. Moreover, if the local excitation field (and thus the absorption of ZnO) is enhanced, it should not have any effect on the exciton lifetime since it does not change the exciton radiative transition rates according to Fermi's Golden rule.
In principle, the SP-mediated PL enhancement is in analogy to the Purcell effect in cavity quantum electrodynamics where excitons are coupled to cavity photons [22] . The Purcell factor, F P , quantifies the coupling-induced increase in the rate of spontaneous emission. Therefore, it can be calculated [23] based on the measured PL decay times in the bare and Ni-coated ZnO NWs as
Ni/ZnO ~ 7, under the assumption that the shortening of the exciton lifetime in the coated structure is solely induced by the SP-exciton coupling. This expected PL enhancement is substantially larger than that observed experimentally. This may indicate that either Ni coating also induces surface states, which act as competing non-radiative (NR) recombination centers degrading optical efficiency, or SPs within the continuous Ni film partly dissipate non-radiatively. The latter effect is shown to be important in Au-coated ZnO nanorods [9] when the deposited metallic nanoparticles merged into a continuous film.
From figure 5(b) , the SP-mediated enhancement of the PL emission in the as-grown ZnO/Ni NWs is no longer observed at 4K. The same effect has also been reported for InGaN/GaN quantum wells [19, 24] . A possible reason for this decrease is a weaker coupling between the SPs and the BX emissions that dominate the PL spectra at 4K. Indeed, in the dipole approximation the recombination rate of the excitons into the plasmon continuum depends both on the dipole moment (or collective oscillator strength) of the excitons and on the SP density of states at the exciton energy. The oscillator strength of the BX transitions is significantly lower than that of the FX [25] , which should lead to their weaker coupling with the SPs. Moreover, localization of the BX may further decrease probability of their scattering into the SPs as compared with the FXs that are highly mobile [26] . As a result, the detrimental effect of the enhanced surface recombination becomes predominant leading to the observed decrease in the PL intensity in the Ni-coated structures. We note that the Ni-induced surface recombination seems to mainly occur via non-radiative processes to account for the observed quenching of the SX emission. The suggested scenario is also consistent with the results of the TR PL [26] . Remarkably, the Raman intensity is significantly enhanced in the Ni-coated ZnO NWs, e.g. by about one order of magnitude in the as-grown ZnO/Ni NW,, which provides an independent proof for the coupling of light with the SPs in the Ni film. The observed enhancement is somewhat weaker in the annealed structure, consistent with the results from the PL measurements discussed above.
Conclusions
In conclusion, we have investigated effects of Ni coating and subsequent annealing on optical 
